We are witnessing more frequent extreme weather events due to the global warming. There is an urgent need for governments, industries, general public, and academics to take coordinated actions in order to tackle the challenges imposed by the climate change. It is essential to incorporate the environmental objective in the transportation mode selection problem as transportation is a main contributor to carbon emissions. With this in mind, our paper studies the retailer's ordering and transportation mode selection problem using stochastic customer demand and investigates the optimal ordering and transportation mode selection decisions under different carbon emission reduction policies. Our analytical results reveal that there are some important transportation mode shifting thresholds under different carbon emissions reduction policies. These findings do not only help firms to make optimal decisions under different carbon emission reduction policies but also support policy makers to develop effective policies on carbon emissions reduction.
Introduction
Over the last few decades, global warming has received an increasing attention as it has led to more frequent extreme weather events (Dai 2011; Wheeler and vo Braun 2013; Revesz et al. 2014 ). In recent years, we have witnessed more catastrophic incidents such as the extraordinary heavy winter storm in the US, the damages brought to the Philippines by the strongest ever Typhoon Haiyan, and the draught in some parts of Africa. These incidents do not only significantly affect production of many products such as foods but also caused severe disruptions in global transportation, on which the global economy is heavily dependent. The stability of supply chains may be exposed to risks under climate change since it could be affected in several ways ranging from direct effects on production of goods, to changes in markets, and supply chain infrastructures. The increase of greenhouse gas (e.g. To answer these questions, a one-period two-echelon supply chain is considered consisting of a supplier and a retailer. The supplier manufactures products with limited shelf life. The retailer orders from the supplier and sells to end-users with a stochastic demand. Our analysis aims to obtain the optimal ordering and transportation mode selection decision in order to improve both economic and environmental performance. Among many carbon emissions reduction policies, the cap policy and the cap-and-trade policy are the policy approaches that attract much attention. The cap policy sets an overall cap on carbon emissions. In addition to an overall cap, the cap-and-trade policy allows companies to trade the unused portion of their cap to other companies with high greenhouse gas emissions.
Accompanied by complementary regulatory measures, cap-and-trade is a sufficient or necessary condition for carbon emissions reduction (Hanemann, 2010). Cap-and-trade policy, such as the European Union Emissions Trading Scheme, has been proven to be an important tool to address climate change, and becomes a major choice for investors to decentralize their investment risks (Zhu and Wei, 2013) . In this paper, we examine the impact of two different carbon reduction polices: carbon emission cap and cap-and-trade on the retailer's optimal solutions as well as its profit and overall carbon emission. Through a comparison of the supply and demand risks under three different scenarios, we intend to understand the effect of carbon emission reduction objective and different carbon reduction policies on the risk of the logistics and supply chain system. The rest of this paper is organized as follows. After a survey of related literature is presented in Section 2, Section 3 describes the model formulation and assumptions. In section 4, we establish the basic model, in which the optimal ordering and transportation mode selection solution is obtained without considering carbon emissions. In Section 5 and 6, we investigate the optimal solutions and their impact on profits, carbon emissions and supply chain risk under the carbon emission cap policy and the cap-and-trade policy respectively. Finally, we discuss some key research findings in Section 7 and draw the conclusions in Section 8.
Literature review
To highlight our contributions, a literature review was conducted and constructed following the three key streams: (i) Carbon management in transportation research, (ii) Transportation mode selection considering carbon emission, and (iii) Carbon efficient logistics systems with risk consideration.
With respect to carbon management, transportation is one of the most visible aspects that significantly contribute to total emissions of supply chains. As a result, it has attracted considerable academic attention, which is reflected in recently published literature reviews on the topic. 
Model descriptions and assumption
We consider a one-period two-echelon supply chain consisting of a supplier who manufactures short shelf-life products and a retailer who orders from the supplier and sells to end-users with stochastic demand. Before the beginning of the selling season, the retailer receives an initial allocation of emission allowance from the government. The retailer can also buy additional allowance from or sell them to the outside market. Then the retailer places an order and transports the products from the supplier to the retailer. There are two transportation modes for the retailer to choose: the first one has low unit transportation cost and high unit carbon emissions, and the other has high unit transportation cost and low unit carbon emissions. At the beginning of selling season, the retailer obtains the products and then sells to the customers during the selling season. After the selling season, the excessive product can be salvaged, and the retailer should not discharge more emissions than the allowance they hold. So, the retailer should decide the order quantity, transportation mode selection and carbon emission trading quantity before the customers' demands are arrived so as to achieve his maximum expected profit.
Throughout this paper, we use the parameters and variables as the following notations in Table 1 .
Table. 1 Notations Notation Descriptions
The stochastic market demand.
( )
Probability density function for the stochastic market demand.
( ) Distribution function for the stochastic market demand, which is differentiable, invertible and strictly increasing.
Unit retail price of product.
Unit wholesale price of product.
Units salvage value of product.
Retailer's unit penalty cost for demand that cannot be filled
Retailer's order quantity.
Initial carbon emission allowance from government. Unit price of carbon emission trading with the outside market.
Carbon emission trading quantities with the outside market.
The ratio of retailer adopting transportation mode 1, 0 ≤ ≤ 1.
In addition, we assume that the parameters satisfy the following conditions:
(1) 1 < 2 and 1 > 2 . This condition means that the transportation mode 1 has lower unit transportation cost and higher unit transportation carbon emissions than these of the transportation mode 2.
(2) > + 2 > > 0. This condition states there is a positive profit margin for retailer to sell a product to the consumer market. On the other hand, the salvage value is less than the order and transportation costs, which implies that there is a loss if a product is not sold.
The basic model
We firstly consider the basic model without carbon emissions policy. The unit transportation cost is 1 + (1 − ) 2 = 2 − ( 2 − 1 ). The retailer's profit, denoted ( , ), is
The first term is retail revenue, the second term is the salvage value, and the last three terms represent the shortage cost, purchase cost and transportation cost respectively.
The retailer's expected profit without carbon emissions policy, denoted
As to the optimal ratio of retailer adopting transportation mode 1 ( ) and optimal order quantity ( ) in the basic model without carbon emissions policy, the following proposition is obtained. This proposition means that in the basic model without carbon emissions policy, the retailer will select the transportation mode only according to the unit transportation cost, and prefer to choose transportation mode 1 and will gain more profit. Without carbon emissions policy, the risk faced by retailer is only from the uncertain nature of stochastic demand. The retailer's optimal quantity is a decreasing function of unit retail price of product, unit wholesale price of product, retailer's unit penalty cost for demand that cannot be filled, and unit transportation cost of transportation mode 1, and is an increasing function of units salvage value of product.
The cap model
In the cap model, the government sets a cap ( ) on the quantity of pollution that the retailer can emit in a given period. The unit carbon emission of mixed transportation modes is 1 +
(1 − ) 2 = 2 + ( 1 − 2 ). The decision problem faced by the retailer is to decide the optimal transportation mode and optimal ordering quantity and so as to maximize his profit 
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Set 1 = ( 0 + 2 ) * and 2 = ( 0 + 1 ) . As to the optimal ratio of retailer adopting transportation mode 1 ( ) and retailer's optimal order quantity ( ) in the cap model, the following proposition is obtained. ].
This proposition indicates that with the cap policy, the retailer's optimal transportation mode selection decision and optimal order quantity are existence and unique. This proposition also indicates there are two important transportation mode shifting thresholds:
1 and 2 . 1 means the retailer's total carbon emissions with transportation mode 2 and 2 means the retailer's total carbon emissions with transportation mode 1.
According to the value of the government's initial carbon emission quota ( ), there are three intervals as illustrated in Figure 1 . The first interval is that the government's initial carbon emission quota is higher than the transportation mode shifting threshold, ( 2 ). In this interval, the carbon emissions quota is not binding, then the retailer will choose a cheaper and dirtier mode (transportation mode 1), and the retailer's optimal order quantity is fixed. The second interval is that the government's initial carbon emission quota is less than the transportation mode shifting threshold 2 and higher than the transportation mode shifting threshold 1 . In this interval, the carbon emissions quota is binding. Then the retailer would like to reduce the order quantity and choose mixed transportation modes to meet the carbon emissions quota binding. The retailer's order quantity is fixed. Part of the order is translated by the cheaper and dirtier mode (transportation mode 1) and the rest part of the order is switched to the more expensive and less polluting mode (transportation mode 2). The optimal ratio of retailer adopting transportation mode 1 ( ) is an increasing function of the government's initial carbon emission quota. That is, with the decreasing of the government's initial carbon emission quota, the optimal ratio of retailer adopting transportation mode 1 is decreasing and the optimal ratio of retailer adopting transportation mode is increasing. The third interval is that the government's initial carbon emission quota is less than the transportation mode shifting threshold 1 . In this interval, the government's initial carbon emission quota is very low, then switching to more expensive and less polluting mode (transportation mode 2) is preferred. The retailer's optimal order quantity is an increasing function of the government's initial carbon emission quota. That is, with the decreasing of the government's initial carbon emission quota, the retailer's optimal order quantity is decreasing.
From the view of the government or policy maker, with the cap policy, the retailer can be motivated to adopt less polluting transportation mode and order reasonable product quantity through adjusting the government's initial carbon emission quota. 
The effect of the cap policy
Below we discuss the effect of the cap policy on the retailer's optimal ordering quantity and maximum expected profit. As to the effect of the cap policy on the retailer's optimal ordering quantity, the following proposition is obtained.
This proposition shows that if the government's initial carbon emission quota ( ) is high and not binding, then the retailer's optimal ordering quantity ( ) is equal to that without considering carbon emissions ( ). If the government's initial carbon emission quota ( ) is low and binding, then the retailer's optimal ordering quantity ( ) is less than that without considering carbon emissions ( ). That is, the retailer optimizes the transportation mode selection decision and orders less number of products to reduce the total carbon emissions and environment risk, but will face increased understock risk caused by the uncertain nature of stochastic demand and less order quantity at the same time.
As to the effect of the cap policy on retailer's maximum expected profit, the following proposition is obtained. This constraint means that the retailer's total carbon emission is equal to the sum of initial carbon emission cap set by the government and the trading quantity of carbon emission with the outside market. When > 0, it means that the retailer will buy carbon emission quota from the outside market. When = 0, it means that the retailer will not trade with the outside market. When < 0, it means that the retailer will sell carbon emission quota to the outside market.
Proposition 4: If ≥ ( + ) , then [ ( , )] = [ ( , )] ; if < ( + ) , then [ ( , )] < [ ( , )].

This proposition means that if the government's initial carbon emission quota ( ) is
high
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As to the optimal ratio of retailer adopting transportation mode 1 ( ), the retailer's optimal order quantity ( ) and optimal carbon emission trading policy ( ) in the cap-and-trade model, the following proposition is obtained. This proposition means that with the cap-and-trade policy, the retailer's optimal transportation mode selection policy, optimal order quantity and optimal carbon emission trading policy are existence and unique. From this proposition, we also know that the According to the unit price of carbon emission trading with the outside market ( ), there are two intervals. The first interval is that the unit price of carbon emission trading with the outside market is higher than the transportation mode shifting threshold ( 0 ). In this interval, the increased unit carbon emissions cost caused by using transportation mode 1 is higher than the decreased unit transportation cost, then the retailer will prefer the more expensive and less polluting mode (transportation mode 2). The retailer's optimal order quantity is fixed. The second interval is that the unit price of carbon emission trading with the outside market is lower than the transportation mode shifting threshold ( 0 ). In this interval, the increased unit carbon emissions cost caused by using transportation mode 1 is lower than the decreased unit transportation cost, then switching to the cheaper and dirtier mode (transportation mode 1) is preferred. The retailer's optimal order quantity is also fixed. If the unit price of carbon emission trading with the outside market ( ) is equal to the transportation mode shifting threshold ( 0 ), that is, the increased unit carbon emissions cost caused by using transportation mode 1 is equal to the decreased unit transportation cost, then the two transportation modes are equal.
From the view of the government or policy maker, with the cap-and-trade policy, the retailer can be encouraged to adopt less polluting transportation mode and order reasonable product through adjusting the unit price of carbon emission trading with the outside market.
The effect of the cap-and-trade policy
Now we discuss the effect of the cap-and-trade policy on the retailer's optimal ordering quantity, total carbon emissions, and maximum expected profit.
Denote the unit transportation carbon emissions with the cap-and-trade policy is . , then = 1 . As to the effect of the cap-and-trade policy on the retailer's optimal ordering quantity and total carbon emissions, the following proposition is obtained.
Proposition 6: < and ( + ) < ( + ) .
This proposition indicates that the retailer's optimal ordering quantity with the cap-and-trade policy is less than that without considering carbon emissions, and the retailer's total carbon emissions with the cap-and-trade policy is less than that without considering carbon emissions. That is, with the cap-and-trade policy, the retailer takes the environment risk into consideration and reduces the total carbon emissions through transportation mode selection and less order quantity, but the understock risk caused by uncertain demand is increased with less order quantity.
As to the effect of cap-and-trade policy on the retailer's maximum expected profit, the following proposition is obtained. This proposition means that the retailer's optimal profit with the cap-and-trade policy can be higher than, equal to, or less than that without considering carbon emissions. It all depends on the government's initial carbon emission quota. That is, if the government's initial carbon emission quota is high, then the retailer's optimal profit with the cap-and-trade policy is higher than that without considering carbon emissions. If the government's initial carbon emission quota is medium, then the retailer's optimal profit with cap-and-trade policy is equal to that without considering carbon emissions. If the government's initial carbon emission quota is low, then the retailer's optimal profit with the cap-and-trade policy is less than that without considering carbon emissions.
Discussions
In this section, we summarize the key findings of the research and discuss the insights and implications of our findings. First, our analytical results reveal that there are two important transportation mode shifting thresholds under the emission cap policy. If the government's initial carbon emission quota is more than the first threshold, 1 = ( 0 + 1 ) , the retailer will choose the cheaper transportation mode with high carbon emission. If the quota is less than the second threshold, 2 = ( 0 + 2 ) * , companies will choose the more expensive transportation mode with low carbon emissions. More interestingly, if the quota is within the interval between the two thresholds, the retailer will select a mixed transportation mode and the distribution between the two modes is dependent on the initial quota.
For the cap-and-trade policy, there is also an important transportation mode shifting threshold, which depends on the unit carbon emissions and the unit transportation costs of two transportation modes. Different to the cap policy, the initial government carbon emissions quota has no effect on this threshold under the cap-and-trade policy. If the unit price of carbon emission trading with the outside market is higher than the threshold, the retailer will select the more expensive transportation mode with low carbon emissions. In contrast, if the unit price of carbon emission trading is lower than the threshold, the retailer will switch to a cheaper mode with high carbon emissions. The two transportation modes make no difference if the threshold is equal to the unit price of carbon emission trading.
The above two findings provide some important insights, which do not only help firms to make optimal decisions to improve their economic performance under different carbon emission reduction policies but also support government policy making on carbon emission reduction. For instance, they can decide a lower initial carbon emission quota under the cap policy to encourage firms to choose more carbon efficient transportation mode in order to meet carbon emission reduction targets. Under the cap-and-trade policy, instead of setting up a lower initial carbon emission quota, a more effective option to meet the carbon emission reduction target is to increase the unit price of carbon emission trading with the outside market.
Our findings also indicate that incorporating the carbon emission reduction objective in the ordering and transportation mode selection decision will help to reduce the environmental risk under different carbon emission reduction policies. However, it will have a knock-on effect on supply chain risks. For instance, under both the cap policy and the cap-and-trade policy, it will increase the understock risk because a retailer intends to order lower quantity of product to reduce the carbon emission cost while facing uncertain demand. Firms may have to consider the trade-off between the additional cost incurred by the increased supply chain risk and the financial benefit of reduced carbon emission when making such decisions.
Conclusions and future research
Taking both the financial and environmental objectives into consideration, this paper studies the retailer's ordering and transportation mode selection problem using stochastic customer demand. We obtained the optimal ordering and mode selection decision under different carbon emission reduction policies. By comparing the optimal solutions and performances under different policies to the basic model in which only financial cost is considered, we evaluate the impact of different policies on retailer's financial and environmental performance and discuss the risk implications of these decisions on the supply chain.
This research makes several key contributions. First, theoretically, our research is one of few studies that have examined the effect of different carbon emissions reduction policies on firms' ordering and transportation mode selection problem considering both economic and environmental objectives. Furthermore, we discuss the implications of derived optimal solutions on the logistics and supply chain risks. Second, our research findings provide interesting managerial insights that will support firms making important operational and strategic decisions in order to improve their financial and environmental performances. For instance, firms can derive the optimal ordering quantity and select the correct transportation mode under different carbon emission policies. Our findings will give firms a better understanding of the supply and demand risks imposed by these ordering and transportation mode selection decisions, and therefore, take more proactive actions to mitigate supply chain risks. Finally, our research findings also have some important policy implications that governments can use to develop effect carbon emission reduction polices in order to meet their overall carbon emission reduction targets without compromising the sustainable development , and social welfare (Wang et al. 2015a ). It will be useful but a more challenging research if these factors are considered. While some of the factors can be incorporated in the modelling, others may not be realistically modelled.
More importantly, we also recognize the value of examining actual responses from organisations to carbon quotas. One future research extension is to seek to ascertain how organisations actually respond to these situations and to unearth other variables that include the decision making processes. ). This completes the proof.
The proof of proposition 2
From proposition 1, we get [ 0 + 2 + ( 1 − 2 )] = ( 0 + 1 ) .
(1) If ≥ ( 0 + 1 ) , that is, the cap is satisfied automatically and the cap is not binding. This completes the proof.
The proof of proposition 6
From proposition 1, we get = −1 (
If 
